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| INTRODUC TI ON
Retroperitoneal soft tissue sarcoma (STS) is a type of heterogeneous malignancy with an incidence of 0.5-1/100 000; liposarcoma is the most common subtype and accounts for 45% of retroperitoneal STSs. 1, 2 Patients with retroperitoneal liposarcoma (RLPS) often manifest a painless enlarging mass, and thus tumors tend to be bulky and difficult to remove completely when diagnosed, which might contribute to a poorer prognosis in RLPS patients than in patients with extremity liposarcoma. 3 Surgery remains the only curative method for RLPS patients, and the effect of radiotherapy and chemotherapy is limited. 2 Therefore, research on the treatment of RLPS is essential.
Immune therapy has been extensively studied as a promising treatment. Immune checkpoint pathways play a role in assisting the evasion of tumor cells from immune surveillance. [4] [5] [6] Therefore, immune checkpoint inhibitors can activate cytotoxic T lymphocytes, leading to destruction of cancer cells. 5 This immune checkpoint inhibitor therapy can improve the overall survival and maintain a durable therapeutic response, and it has been proved a huge success in several solid tumors. [7] [8] [9] [10] However, most cancer patients failed to respond to this treatment and some of them even suffered from hyperprogressive disease. 11 Consequently, full understanding of the adaptive immune response in tumors could help to screen the potential beneficial population and improve the efficacy of immune therapy.
Due to the multiple aspects involved in the adaptive immune response of tumor patients. 12 Blank et al proposed the term "cancer immunogram"-which is similar to "immune landscape"-to describe interaction between cancer cells and the host immune system. Specifically, this term includes tumor immunity, host immune status, immune cell infiltration, and immune checkpoint expression. 13 Recent studies found that higher programmed cell death-1 (PD-1) ligand-1 (PD-L1) expression was correlated with worse prognosis in several malignancies. 14, 15 Tumor mutational burden was identified as an independent predictor of immunotherapy. 16 Host immune status was also identified as relevant to the immunotherapeutic response. 16, 17 These results suggested the influence of the "cancer immunogram" on efficacy of immune therapy.
Thus, evaluation of the immune landscape in RLPS could predict the response of immune therapy in patients with RLPS. 18 There are several techniques to evaluate the immune landscape.
Here, we used sequencing of T-cell receptor (TCR) β chain complementary determining region 3 (CDR3) to evaluate the quantity and diversity of T-cell clones. In tumor immunity, T cells recognize and combine with tumor antigens-MHC complex through TCR. For most T cells, the TCR consists of an α and β chain, within which rearrangement of V, D, and J genes generates various specific CDR3 sequences to recognize specific antigens. Therefore, TCRs represent various subclones of antigen-specific T cells. 19 Previous studies of ovarian and pancreatic cancers assessed multisite samples of a single tumor using TCR β CDR3 sequencing and the results suggested that the composition of TCR repertoires was homogenous. 20, 21 However, in hepatocellular carcinoma, lung adenocarcinoma, and esophageal squamous cell carcinoma (ESCC), TCR repertoires were heterogeneous. [22] [23] [24] These results suggested that different types of tumors could have quite unique TCR characteristics.
In STS patients, current clinical trials have indicated that the response to PD-1/PD-L1 blockade therapy varied in different subtypes and only a few liposarcoma patients had objective responses to pembrolizumab. 25, 26 Due to the small sample size and uncertain effectiveness, further application of immune checkpoint inhibitors in RLPS is limited to date. 27 Several studies have been undertaken to evaluate the immune landscape in patients with STS. Programmed cell death-1 was overexpressed in osteosarcoma, chondrosarcoma, all variants of liposarcoma, and rhabdomyosarcoma, whereas PD-L1 expression was relatively rare. 28 Another 2 studies on well-/dedifferentiated liposarcoma (WDLPS/DDLPS) described composition and distribution of the tumor-infiltrating lymphocytes (TILs) in inflammatory WDLPS and suggested that PD-1 was expressed in 65% patients, which provided limited clues for the immune landscape in RLPS due to the relatively small sample size. 29, 30 Pollack et al 31 characterized the TCR repertoires of infiltrating lymphocytes in STSs, and the results suggested that undifferentiated pleomorphic sarcoma was supposed to be a potential subtype that might respond effectively to immunotherapy. However, despite a number of studies that were carried out in STS patients, investigations that specifically aimed at RLPS with relatively larger sample size have not been undertaken. In addition, given the bulky mass and tumor evolution, the heterogeneity of immune profiles remains unexplored. This study aimed to provide a detailed immune landscape as well as immune heterogeneity within RLPS and to provide reference for future immunotherapy.
| MATERIAL S AND ME THODS

| Patients and samples
A total of 56 RLPS patients who underwent surgical resection in Peking University Cancer Hospital from 2011 to 2017 were included into this retrospective study ( Figure S1 ). Patients who received chemotherapy or radiotherapy were excluded. For 16 of these patients, we collected a total of 98 tumor specimens from different sites of a single tumor. The average age of these patients was 54.8 ± 11.2 years old. 
| Immunohistochemistry staining of CD4, CD8, FoxP3, CD20, PD-1, and PD-L1 in RLPS
Formalin-fixed and paraffin-embedded specimens were cut into 4-μm-thick slices for IHC, which was undertaken as previously described. 21 The concentration of Abs and antigen retrieval methods are listed in Table S3 .
| Evaluation of immunohistochemistry staining
Expression of PD-L1 and PD-1 in tumor cells was evaluated using immunoreactivity score (IRS) by 2 pathologists who were blinded to the clinical data of the patients. The IRS was calculated by multiplying the percentage of positive cells and staining intensity. The percentage of positive cells was scored as: 0, negative; 1, less than 25%; 2, 25% to 75%; and 3, more than 75%. Staining intensity was scored as: 0, negative (−); 1, weak (+); 2, moderate (++); and 3, strong (+++).
The IRS was recorded as 0-1, 2-4, 5-8, and 9-12, respectively. We classified the patients as having "negative" or "positive" expression, and IRS was classified as 0 or more than 0 for further analyses.
Lymphocytes with CD4, CD8, FoxP3, CD20, and PD-1 staining were quantified by an Aperio ImageScope (version 12.3.3)
using Aperio Nuclear Algorithm (Leica) ( Figure S3 ). Two independent pathologists were invited to undertake the tuning process, and subsequent quantification processes were carried out under their unanimous consensus. An area-fixed square tool annotated 1 228 000.00 μm 2 was used to select quantification sites. For each specimen, various sites covering at least 50% area of the specimen were chosen for quantification according to tissue dimensions, and the average results of all sites were taken as the final count of lymphocytes. For each patient, the average quantity of multiple specimens was calculated.
| DNA extraction
Total genomic DNA of liposarcoma tissues and whole blood cells was extracted using an EasyPure Genomic DNA Kit (EE101; Transgen Biotech) and a Whole Blood Genomic DNA Kit (DP1801; Bioteke) following the manufacturer's instructions. At least 2 μg total genomic DNA was sent for subsequent ultradeep TCR β CDR3 sequencing analysis (MyGenostics Gene Technology).
| Ultradeep sequencing of TCR β CDR3 region
Both terminals of DNA fragments were filled in and artificially linked with adaptors using Oligonucleotide sequences for TruSeq DNA Sample Prep Kits (MG0033/25, MyGenostics). The sequence of the 5′ adaptor was 5′-AATGATACGGCGACCACCGAG ATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-3′ and the 3′ adaptor was 3′-GATCGGAAGAGCACACGTCTGAACTCCAG TCACATCTCGTATGCCGTCTTCTGCTTG-5′. Next, gene segments were enriched through multiplex PCR using adaptor-specific primers and sequenced using an Illumina NextSeq500 sequencer. Sequences with poor-quality control and those including stop codons or frameshift mutations were excluded from the raw reads data that were used for further analyses. Finally, productive sequences of TCR β CDR3 regions were identified by BLAST alignment between the sequencing reads and the International ImMunoGeneTics (IMGT) database, and a standard algorithm was used to identify the specific V, D, and J segments. 32 
| T-cell receptor β CDR3 sequence analysis
Sequences with identical CDR3 amino sequence and V-J gene were considered as the same type of clone. Clonality analysis, which can reflect both the number and the distribution of T cell clones, was calculated as described previously. 21, 23, 24 Only the top 100 clones were included into subsequent analyses to reduce the possibility of heterogeneity estimation caused by enormous diversity of the host TCR repertoire. [20] [21] [22] [23] [24] To compare TCR repertoire overlap between 2 specimens, Jaccard similarity coefficient Jaccard similarity coefficient = |A∩B| |A∪B| as used and then transformed into a distance value using: 
| Accession number
T cell 8 receptor CDR3 raw sequencing data were submitted to the Sequence Read Archive database (BioProject accession number is PRJNA516984).
| RE SULTS
| Quantity and distribution pattern of TILs in RLPS
In the 56 RLPS patients, T cells were more prevalent than CD20 + B cells (P < .001). CD8 + T cells were the most prevalent lymphocytes, followed by CD4 + T cells and CD20 + B cells, whereas FoxP3 + regulatory T cells (Tregs) were rare ( Figure 1 (Table S1 ). To reduce the bias caused by various sizes of tumor cells, we undertook subsequent analyses using the proportion of TILs. The typical staining for each subgroup of cells is shown in Figure 2 .
In RLPS tumors, lymphocytes were distributed in both tumor parenchyma and fibrous septum. Three lymphocyte distribution patterns were detected: scattered distribution, clustered distribution, and tertiary lymphoid structure (TLS) ( Figure S4 ). Tertiary lymphoid structures were found in 9 of the 56 patients. Higher proportions of CD4 + TILs (P = .199), CD8 + TILs (P < .001), FoxP3 + Tregs (P = .014), and CD20 + B cells (P < .001) were detected in patients with TLS ( Figure S5 and Table S4 ). In general, the distribution of CD4 + T cells and CD8 + T cells showed all of the 3 patterns. CD20 + B cells tended to aggregate in TLSs. FoxP3 + Tregs were rare and had a scattered distribution within TLS areas.
| Expression of PD-1 and PD-L1 in RLPS
Programmed cell death-1 was expressed in both TILs and tumor cells, and it was typically located in cytoplasm and on the cell membrane ( Figure 3A) . The PD-1 staining was weaker in tumor cells than in TILs. Thus, for quantification of PD-1 + TILs, only TILs with 3+ and 2+ staining intensity were included. The median proportion of PD-1 + TILs was 0.26% (range, 0.03%-5.12%). The frequency of PD-1 + cells was low, as only 23.2% patients (13/56) showed 1% or higher PD-1 + TILs. In the remaining 76.8% patients (43/56), PD-1 + TILs accounted for less than 1%. For tumor cells, PD-1 was expressed in 25% patients (14/56). Programmed cell death-1 ligand-1 was expressed in 13 of 56 RLPS patients (23.2%), and was mainly located in cytoplasm and on the membrane of tumor cells ( Figure 3B ).
Expression of PD-1 in tumor cells was significantly correlated
with PD-L1 expression (P = .001), as only 11.90% (5/42) of PD-1 − patients expressed PD-L1, whereas 57.14% of PD-1 positive patients (8/14) expressed PD-L1 (Figure 4 ). Mann-Whitney analyses showed that PD-L1 expression was associated with CD4 + T cells (P = .003) and FoxP3 + Tregs (P = .008; Figure 4 and Table S4 ). No other significant correlation was found between these immune parameters (Table S4 ).
| Correlations between immune characteristics and clinicopathological features or prognosis in RLPS patients
Higher CD8 + TILs were the most prevalent subtype, and both their number (P = .001) and proportion (P < .001) were significantly higher than CD20 + B cells. CD4 + TILs and CD20 + TILs were moderate, whereas FoxP3 + regulatory T cells (Tregs) were rare. *P < .05; **P < .01; ***P < .001
In the survival analysis, no immune characteristics were found to be significantly associated with DFS or OS of RLPS patients.
However, patients with higher FoxP3 + TILs, PD-1 + TILs, and PD-L1 tended to have shorter DFS and OS. Patients with TLS presence tended to have favorable DFS and OS (Table S6 ). Univariate and multivariate analyses indicated that in this group of RLPS patients only tumor size was an independent predictor of DFS (hazard ratio, 1.067; 95% confidence interval, 1.021-1.116; P = .004) and OS (hazard ratio, 1.073; 95% confidence interval, 1.015-1.135; P = .013).
| Quantity and expansion of T-cell clones in RLPS
Furthermore, ultradeep sequencing was used to analyze the quantity and expansion of T-cell clones in 42 tumor specimens of 6 patients. During the process, 2 specimens (case1 T2-3 and case3 T6)
were not qualified for further analyses. Results of IHC showed that the average absolute number of T cells (the sum of CD4 + T cells and CD8 + T cells) was dramatically lower in these 2 specimens (30.27 and 50.60, respectively) than in other specimens (127.76 ± 96.90).
As shown in Figure 6 and Table S7 
| T-cell receptor repertoire of RLPS differed from peripheral blood lymphocytes
To illustrate the similarities and discrepancies between TCR repertoires in liposarcoma tissues and peripheral blood samples in 6 RLPS patients, the overlaps of pairwise specimens were assessed by calculating the Jaccard similarity coefficient, which represents the proportion of intersection reads number in the union set. Neighborjoining phylogenic trees were then delineated. As shown in Figure 7 , the intratumoral TCR repertoire overlaps were significantly higher than that between tumor specimens and blood samples (tumor and blood vs tumor and tumor, 0.24 ± 0.16 vs 0.38 ± 0.23; P < .001). The distances between tumor specimens and blood samples were great, except that the TCR repertoire of T2 specimen in case 2 showed great similarity with that in blood samples.
| T-cell receptor repertoire of RLPS was lower than other tumors
We also compared the TCR repertoire of RLPS with that in studies of pancreatic cancer and ESCC. 21, 24 As shown in Figure S6 , the average 
| Correlation between TCR repertoire and T cell presence
The proportion of CD4 + , CD8 + , and total T cells were correlated with productive TCR β reads (CD4 + : r = .459, P = .003; CD8 + : r = .386, P = .014; total T cells: r = .485, P = .002). For unique TCR β reads, only CD4 + T cells (r = .402, P = .01) and total T cells (r = .385, P = .014) were correlated to unique TCR reads, whereas CD8 + T cells were irrelevant to unique TCR β reads (r = .263, P = .101) ( Figure S7 ).
| Spatial heterogeneity of TILs and TCR repertoires within a single tumor
To describe the spatial heterogeneity within liposarcoma tissues, both TILs distribution and TCR repertoires were assessed.
Proportions of CD4 + , CD8 + , FoxP3 + , CD20 + , and PD-1 + TILs among multiple tumor sites were compared in each case using Friedman consistency examination ( Figure S8 ). The TILs distribution was heterogeneous in 8 of 16 patients (Table S2 ). The TILs heterogeneity was not significantly associated with clinicopathological features or prognosis of RLPS patients, but patients with heterogeneous TILs tended to have favorable DFS ( Figure S9) . F I G U R E 7 Composition difference of T-cell receptor (TCR) β repertoires between different specimens from 6 patients with retroperitoneal liposarcoma (RLPS). A, Pairwise TCR β repertoire overlaps of 6 RLPS patients. Jaccard similarity coefficient was calculated to compare similarity between pairwise TCR β repertoires of tumor samples and peripheral blood samples, and the coefficient was closer to 1 when the 2 specimens were more similar. B, Neighbor-joining tree of each RLPS patient was generated by transforming the Jaccard similarity coefficient into pairwise distance. Blue, peripheral blood; red, tumor tissue. The distance between 2 nodes indicates the difference between 2 specimens
| D ISCUSS I ON
In this study, we retrospectively studied subpopulations and distribution of TILs in 56 RLPS patients. In RLPS, CD8 + T cells were the most prevalent, followed by CD4 + T cells and CD20 + B cells, with FoxP3 + Tregs the rarest. T cells were more prevalent than CD20 + B cells, which was not consistent with the findings of Tseng et al. 29 Controversial conclusions were also mentioned in their article. We supposed that individual difference in immune status was the main cause of this situation. Tumor grade and subtypes can also contribute to TILs infiltration. To further explore the influence of RLPS subtypes, we focused on a group of patients with TLS. Tertiary lymphoid structures were found in 16.1% patients (9/56) and correlated with higher CD8 + T cells, FoxP3 + Tregs, and CD20 + B cells, suggesting that RLPS with TLS presence might be an immune active subtype and could benefit from immunotherapy. Interestingly, we observed all slices and found another 9 patients with TILs aggregation but without follicle-like structures, indicating that the formation of TLS is a dynamic process. Thus, understanding the mechanism of TLS formation could help to develop new immunotherapeutic strategies with better efficacy. In the 9 patients with TLS, 4 were WDLPS, 2
were DDLPS, and 3 were MLPS; none of the 5 PLPS patients showed TLS presence. Moreover, the proportion of TILs was highest in DDLPS, lower in WDLPS and MLPS, and the lowest in PLPS, which is the subtype with the highest tumor mutational burden. 2 These findings suggested that there might be different causes that drive lymphocyte infiltration in different RLPS subtypes, but given the small sample size, further studies are needed.
In RLPS, the median proportion of PD-1 + TILs was 0.26% (0.03%-5.12%), and the PD-1 + TILs accounted for less than 1% in 43/56 patients. Programmed cell death-1 was also expressed on RLPS tumor cells in 14/56 patients and PD-L1 was expressed in 13/56 patients. Unlike a previous study in 81 STS patients, which found 59% PD-L1 and 90% PD-1 expression in STS patients, the PD-1 and PD-L1 expression in our study were much lower. 31 Given that 80% of patients in that study were G2 or G3, we compared the expression level in tumors with different FNCLCC grade and found that G2 tumors had the lowest PD-1 + TILs and G3 tumors had signifi- prognostic factors, we observed a tendency that patients with higher FoxP3 + Tregs or PD-1/PD-L1 expression had a poorer prognosis, and patients with TLS presence had a favorable DFS. These results were similar to previous studies in gastric cancer and intrahepatic cholangiocarcinoma, 14, 15 suggesting that PD-1/PD-L1 blockade or other treatments to improve immune activity might have therapeutic potential in advanced RLPS patients.
Despite the infiltration of TILs and potential subtypes that could benefit from immunotherapy, TCR CDR3 sequencing suggested low T cell infiltration in RLPS patients compared with previous studies.
Both the productive TCR β reads and the unique TCR β reads of RLPS specimens were lower than those in corresponding peripheral blood samples and other tumors. [20] [21] [22] 24 Low productive reads were associated with less T cell infiltration, which can be confirmed by IHC results. Low unique reads suggested fewer T cell clonal subpopulations. In particular, CD8 + T cells were correlated with productive reads but not associated with unique reads, indicating limited proliferation of effector T cells. Further clonality analyses showed that intratumoral T cells were polyclonal in liposarcoma patients, which was similar to those in ESCC patients. 24 For the host immune system, oligoclonal status often indicates the expansion of pathogenspecific clonal subpopulations. Therefore, these results suggested limited T cell infiltration and expansion in RLPS, which might be the obstacles that need to be overcome in immunotherapy of RLPS patients.
Liposarcoma is characterized by its giant tumor size as well as heterogeneous composition and clinical behavior in a single tumor. 33 In our study, we analyzed immune landscape heterogeneity in RLPS.
Heterogeneous TILs distribution was found in 50.0% patients and tended to correlate with favorable DFS. In addition, although the intratumoral TCR repertoires were less heterogeneous than the differences between tumor and blood, the median pairwise intratumoral TCR repertoires overlap was 0.38, and only 35 of 125 pairwise overlaps were 0.5 or higher. These results suggested a larger heterogeneity in RLPS than in other tumors. [20] [21] [22] [23] [24] Analyses of TCR repertoires showed that ubiquitous sequences were rare across different sites of a single tumor, which also indicated a great spatial heterogeneity within RLPS. Previous studies showed heterogeneous gene expression profile in RLPS, which may generate various tumor-specific antigens and contribute to the immune heterogeneity. 34, 35 Despite the challenge posed by low TILs and immunogenicity as well as large intratumoral heterogeneity, immunotherapy still has its own advantages in treating such complex tumors, as it can simultaneously activate multiple T cell subgroups. Our results suggested a higher clone expansion in RLPS than in blood samples.
The most abundant T cell clones in tumors were not identical with those in peripheral blood, suggesting the existence of antitumor immune response. Thus, it is crucial to explore how to increase lymphocyte infiltration in the future, and comparison across a large population could help to identify liposarcoma-specific antigens for further immunotherapy. Larger population studies from multiple centers and longer follow-up are needed to improve our research.
In conclusion, for the first time, we evaluated the composition and distribution of TILs as well as PD-1 and PD-L1 expression in 56 RLPS patients. Our results suggested that low lymphocytic infiltration and PD-1/PD-L1 expression might limit the application of immunotherapy in liposarcoma patients. However, the complex heterogeneity of liposarcoma makes immunotherapy an ideal therapeutic strategy. Thus, strategies such as the combination of immunotherapy and other treatments that could increase infiltration of lymphocytes in tumors could improve the efficacy of liposarcoma treatment. 
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